Abstract. The effects of water vapor on residual stresses in the oxide scales formed on 316L austenitic stainless steel are investigated. Samples were oxidized in thermogravimetric analyzer at 700°C for 6 hours -96 hours with different amounts of water vapor (air, air+0.5%H 2 O, air+4.0%H 2 O). Grazing incidence X-ray diffraction (GIXRD) at different incident angles was used to study the phases and residual stresses in the oxide scales. The results demonstrate the formation of an inner chromia (Cr 2 O 3 ) or chromium and iron solid solution (Fe x Cr 2-x O 3 ) layer and an outer hematite (Fe 2 O 3 ), iron and nickel metallic compound (FeNi 3 ) and spinel layer. With the presence of water vapor, few wüstite (FeO) was also detected near the substrate. The residual stresses in the oxide scales are compressive, while the ones in the substrate are mostly tensile. Water vapor influenced not only the composition ratio of oxide scales and the residual stress levels but also the approach of oxide film damage.
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Introduction For austenitic stainless steels, which are widely used as constructional materials in power generation and petrochemical industries, a dense and continuous Cr-rich oxide film usually plays a protective role in the oxidation corrosion resistance at elevated temperature by acting as a barrier to prevent oxygen anion and metal cation inter-diffusion and reaction. However, these materials are meeting new challenges: higher working temperatures and more water vapor, among which the former is for gaining higher reaction efficiency and the latter is due to the more usage of biomass energy for environment cleanness [1] . For years many works concerning the high temperature oxidation mechanism of austenitic stainless steel have been reported [2] [3] [4] , which intend that oxidation behaviors could be affected by various factors, such as the element composition in the substrate, the treatment of the substrate surface, the reactive gas, humidity and temperature. In addition, residual stresses which directly reflect the adhesion between the film and substrate are also taken attention [5] . The purpose of this work is to investigate the effects of water vapor on residual stress evolution in the Cr-containing oxide scale formed on 316L austenitic stainless steel at 700°C.
Experimental
A 316L stainless steel plant (the chemical composition is given in Table 1 ) was cut into a dimension 10×10×1mm with a 1mm in diameter hole drilled near the edge for being hung in the Thermal-gravimetric (TG) analyzer (SETARAM 92-16.18). Before oxidation, each side of samples were polished with SiC papers from P240 grit to P4000 grit to get a uniform surface roughness around 0.2µm, later immersed in the mixture solution of ethanol and acetone and kept in the ultrasonic cleaner for 10 minutes, then dried with pressed gas. TG experiments were carried out at 700°C from 6 hours to 96 hours in the air with different amounts of water vapor (dry air, air+0.5%H 2 O and air+4.0% H 2 O). After oxidation, the oxide scales were identified by GIXRD at incident angles of 0.5° and 2° respectively, using PANalytical X'Pert PRO MRD with copper radiation source (λ=0.154nm). Besides, Raman spectroscopy (λ=472.99nm) was also used to identify the chemical compositions of oxide sales as a reference. The microstructures of cross-section were studied by field emission gun scanning electron spectroscopy (FEG-SEM) equipped with an energy dispersive X-ray spectroscopy (EDX), using ZEISS SUPRA 55VP. The residual stresses in both oxide scales and substrates were characterized by GIXRD, followed European standard NF EN 15305 (published in April 2009). The strongest peak of each phase was chosen (the {104} peaks for M2O3 and {111} peaks for substrate) in order to obtain sufficient intensities as well as positions of each peak at 13 distinct Psi angles (from -30° to +30°) were determined by using a Gauss function fitting. 
Oxidation product characterization
The 0.5° peak patterns of 316L stainless steel oxidized for 6 hours with different amounts of water vapor are presented in That a phenomenon matched with the XRD results can also be found. Cr-rich oxides grew within the first 24 hours but became replaced by Fe-rich oxides later, which means the protective Cr-rich oxide layer would lose their oxidation resistance properties gradually, and then lead to crack growth or delamination of oxide films [7] . Fig 4a gives the microstructure and element mapping of oxide scale after 200-hour oxidation in the dry air, revealing that the two-layer oxide scale is composed by the inner Cr-rich oxides and the outer Fe-rich oxides. Delamination happened along the interface between the two oxide layers and cracks generated through the outer layer. Fig. 4b describes the microstructure of oxide layer after 96-hour oxidation with 4.0% water vapor, in which wavy oxide layer formed and plenty of vacancies concentrated at the interface between the metal and oxide layer (O/M interface). 
Residual stresses
The residual stresses in the oxide scales and substrate were studied by GIXRD technique at the incident angles of 0.5° and 2° respectively. The overlapping peaks of Cr 2 O 3 and Fe 2 O 3 were distinguished by profile fitting for all the patterns obtained at each Psi angle to determine the positions of each phase. The parameters needed for stress calculation were listed in Table 2 and the results are expressed in Fig. 5 . It can be deduced from the fluctuating curves that the stress accumulation together with relaxation influenced the final values. The thermal stress produced during the cooling process makes contribution to the residual stresses simultaneously, which can be calculated according to Eq. 1.
where Δ is the temperature difference, E is the Young's modulus, is the thermal expansion coefficient and ν is the Poisson's ratio (O and M refer the oxide and metal respectively).
Fig. 5 The evolution of the residual stresses of the substrate and oxide scales (a) residual stresses in Cr 2 O 3 (b) residual stresses in Fe 2 O 3
During the first 6 hours, the oxide layer formed in the dry air did not have a two-layer structure because of the diffusion rate limit, which is the same in the air with 0.5% H 2 O. However, the oxide scale formed in the air with 4.0% H 2 O contained much more Cr 2 O 3 (≈57.1% in Fig. 2a) , leading to stratification. So, the thermal stresses of Fe 2 O 3 in those two cases are -734 MPa and +540 MPa, and of Cr 2 O 3 are -2630MPa and -3410MPa respectively. Compared with the results in Fig. 5 , it can be demonstrated that the residual stresses of Fe 2 O 3 and Cr 2 O 3 basically came from thermal stresses, except the one of Fe 2 O 3 layer formed in the air with 4.0% water vapor, in which growth stress played an important role. That the residual stress of Cr 2 O 3 formed in the air with 0.5% water vapor was less than the one formed in the dry air should be noticed, because the formation of FeO which has ability of deformation at high temperature could help relax partial stress [8] .
Later but before 24 hours, the situations became more complicated. After oxidation for a while, the oxide scales had a two-layer distribution progressively, with a sharp rise of Cr 2 O 3 (≈34.4% dry air, ≈54.3% 0.5% H 2 O). There is a common agreement that Cr 2 O 3 usually forms by Cr ion outward diffusion, which rarely causes stress except at the grain boundaries and defects [8] . In the dry air, the adhesion between Cr 2 O 3 and the substrate was quite good after a long oxidation, illustrated in Fig. 4a . As a result, the residual stress of Cr 2 O 3 formed in the dry air declined, which was affected by the deformation of the substrate at high temperature due to their compact 
contact, indicating a tensile status during the oxidation. But in the humid air, vacancies preferred generating and gathering at the O/M interface, implying a bad adhesion [9] . So the residual stress of Cr 2 O 3 formed in the humid air was less influenced by the substrate during the oxidation since the stress could relax through the pore formation. 
Summary
In conclusion, the oxide scales were characterized in this work, confirming the existence of a two-layer structure with an inner protective Cr-rich oxide and an outer non-protective Fe-rich oxide. The evolution of residual stress in the Cr 2 O 3 layer was discussed, concerning the adherence between the oxide and substrate. During the incubation period, the residual stresses of Cr 2 O 3 derived from the thermal stress during the cooling process for all the three conditions. After the two-layer structure formed, the residual stress of Cr 2 O 3 began to be influenced by the growth stress simultaneously, which means that the outer layer may apply a compressed stress on it while the substrate may cause a contrast effect during the high temperature oxidation. Consequently, distinct oxidation conditions brought different results to the Cr 2 O 3 layer. In the dry air, the Cr 2 O 3 film kept compact and continuous, in which the spallation happened in the outer layer. Similarly, with few water vapor, the generation of vacancies could relieve stress to some extent, leading to an intact Cr 2 O 3 film. However, with much more water vapor, the collective effects of pores at the O/M interface and the compressed loads from either the outer layer or the substrate contributed to the fold or damage generation in the Cr 2 O 3 layer. For long oxidation, the competition of stress accumulation and relief excited the cracking or spalling in the oxide scale as well as the new oxide generation. It can be predicted that the oxidation resistance would lose rapidly in the case of more water vapor participation, and disastrous corrosion would happen in the case of dry air due to the replacement of Cr-rich oxide by Fe-rich
